Abstract. The far infrared (FIR) photoconductive response of silicon-doped GaAs/ AlGaAs multi-quantum wells (MQWS) at 4.2 K reveals evidence of several transitions from the ground state to higher excited states of the confined impurity (e.g. 1s-3d + l , 1s-3p + 1s-3d + 2 , ls-4d + etc). Assignments are made by comparison with the bulk case and with available theory. Linewidths of the 1s-2p + transition indicate that in the most favourable case minimum redistribution of the silicon dopant occurs which permits observation of higher state transitions.
Introduction
The confined shallow donor impurity in a multi-quantum well (MQW) presents an interesting situation in which the amount of two-dimensionality varies as the ratio of QW length ( L ) to an effective Bohr radius (a,) is changed. Theoretical studies, using a variational approach [l] , indicate that the binding energy for an on-centre donor varies from the bulk-Rydberg (R,) at L/a, % 1, to a value of 4R, at L = 0 for an infinite confining potential. The same variational techniques also predict that the binding energy decreases as the donor position is moved from the well centre to the edge. The effects predicted by theory have been examined using far infrared (FIR) transmission [2] and photoconductivity (FIRPC) measurements [3, 41 in silicon-doped GaAs/AlGaAs MQWS, and in general excellent agreement is obtained. In these measurements the ls-2p+ intra-impurity transition in a magnetic field is studied. Recently, particular interest has centred on FIR transmission lineshapes of this transition in a magnetic field to assess the extent of impurity redistribution during growth [4] , and on possible polaron pinning phenomena [S] when the energy of this transition approaches the longitudinal optical phonon energy.
In this article, we report the systematics of some higher-energy intra-impurity transition energies in a magnetic field for the silicon shallow donor impurity in GaAs/AlGaAs MQWS. Previously, only one such spectral feature [3, 41 in a MQW has been reported, which was assigned to the ls-3p+ transition. The present measure-0268-1242/90/040305+03 $03.50 @ 1990 IOP Publishing Ltd ments extend this and, in the most favourable case, four further transitions are noted.
The only reported calculations involving higher excited states of the confined impurity are given by Greene and Lane [S] , who have used a variational technique to predict the ls-3p+ transition energy.
Experimental details
Two MQW layers were produced by molecular beam epitaxy. They both consisted of 30 GaAs (L= 150 A) wells 150 A wide with Al,Ga, -,As (x = 0.33) barriers: the central 50 A of each well was doped with silicon to an approximately equivalent concentration of 1 x 10l6 cm-3. The samples were grown on semi-insulating substrates with a relatively thick n-GaAs buffer layer (1-2 pm). Both layers were grown with additional 1500 A regions between the GaAs buffer and the MQW structure:
layer # 1 was also prepared with an additional 1500 A region between the MQWS and the thin (100 A) GaAs topcap.
The problems of obtaining reliable ohmic contacts to lightly doped MQWS have been noted by Mercy er al [3] , who reported a photocapacitance technique for measurement of the FIR response of MQWS. Although this technique was used in the present investigations, it was found that satisfactory ohmic contacts could be formed to the layers using either indium dots or Au-Ge-Ni eutectic alloyed to the top surface, provided that a carefully controlled procedure was adopted. In some cases (where formation of a good contact through the top AlGaAs region proved difficult) selective etching procedures were used to contact directly into the well structure. For other samples, interdigitated contact patterns were formed to reduce sample resistances to convenient values for matching with detection circuitry. The effectiveness of the various contacting procedures is considered further below.
FIRPC measurements were made between 1.8 and 10 K and in magnetic fields up to 10 T using a conventional optically pumped FIR laser. The Faraday configuration was used, with the magnetic field parallel to the MQW growth direction. Constant-voltage bias arrangements were generally used in the present investigations. The observation of relatively small spectral features subsequently ascribed to excited intra-impurity state transitions was found to be strongly dependent on the presence of visible light, as has been discussed previously for ls-2p+ transitions [3] . It was also found necessary to use relatively large FIR intensities (several mW) on the sample to observe these features.
Results
Although both layer structures gave prominent ls-2p+ photocurrent peaks, only the spectra of layer # 1 specimens consistently showed small additional features to lower magnetic field, which are subsequently identified as excited state intra-impurity transitions. Figure 1 shows a typical spectrum for three wavelengths at 4.2 K. For these high-resistance specimens interdigitated alloyed indium contacts were required, and it was found necessary to adjust carefully the alloying temperature in order to contact the layers themselves, but not the high-quality n-GaAs buffer layer. Samples which displayed an FIRPC response from the buffer layer (i.e. a bulk signal) were discarded.
To ensure that the resonances observed were indeed confinement-related, and did not arise from higher-state transitions of the (three-dimensional) inadvertent donors in the buffer region, measurements were attempted with the MQW growth direction at an angle (e) to the magnetic field. Figure 1 displays the magnetic field shifted spectra at 8 = 19" for layer # 1 samples with 70.6 pm laser wavelength. The upper part of figure 2 displays similar data for the ls-2p+ transition only. In all cases the observed peak shifts were consistent with transitions of confined impurities.
The higher-energy features were not observed in samples in which the top AlGaAs layer had been omitted (layer # 2). Figure 2 compares the 1s-2p + transitions for layers # 1 and # 2 under similar conditions of additional illumination, temperature, bias and incident laser intensity and wavelength. Although the maxima both occur at the same magnetic field, specimens from layer # 1 exhibit a marginally smaller linewidth (linewidth is approximately 0.5 T FWHM) than layer # 2 specimens (linewidth is approximately 1 .O T). Figure 3 is a fan chart of observed photoconductive peak positions at several laser wavelengths between 40 and 118 pm for samples from layer # 1. The behaviour of the ls-2p+ peak noted in figure 3 is consistent with previously reported experimental measurements for similar wells [2, 31 and with theory [l] . Figure 3 also displays equivalent data for bulk GaAs [7] , the systematics of which are markedly different to the high-energy features noted here. The ls-2p+ peak in figure 1 is due to impurities at the centre of the well: any possible redistribution of these impurities would produce spectral features at higher magnetic field (lower energy). Furthermore, the magnetic field configuration precludes the observation of bound transitions associated with higher sub-bands [2]. Taken with the angle dependence noted earlier, it may thus be concluded that the observed lowfield peaks originate from transitions between the 1s and higher excited states of the confined impurity.
Discussion
The features related to higher-state transitions are small in comparison with the ls-2p+ peaks (typically < 20 % integrated area). It was found experimentally that relatively high FIR intensity was required to observe them, together with careful control of sample bias and intrinsic illumination. Furthermore, their observability tended to increase with FIR wavelength. These difficulties are probably related to the precise depth of contact formation and the FIR absorption length in the AlGaAs top region of layer # 1.
The non-observation of the small higher-energy peaks in layer # 2 is probably explained by bandbending effects in the first few wells caused by surface charge, which would be prevented in # 1 specimens by the presence of the top AlGaAs region in this layer. The greater linewidth for the ls-2p+ peak in # 2 samples in comparison with # 1 may also be related to this effect, and perhaps also to greater impurity redistribution during MBE growth. However, it is noteworthy that these linewidths for both layers # 1 and # 2 are considerably less than those reported (2-3 T) for similar MQWS [3, 41. This implies a comparatively limited redistribution of impurities in the present layers, and in consequence a reduced overlap of the excited states of different impurities, leading to their observation in a FIRPC experiment. Further discussion of this point, with special reference to the growth conditions of our present layers, will be given elsewhere.
FIRPC measurements on MQW samples of similar design to layer # 2, but with 150 quantum wells and an even greater AlGaAs region (0.5 pm) between the wells and the GaAs buffer (layer #3) have recently been figure 3 are listed in table 1, together with assignments of n-GaAs bulk material given by Grimes et aI [7] . The ordering of the transitions is assumed to be the same for both cases and it is noteworthy that the relative sizes of the photoresponse for various spectral lines is often similar for both MQW and bulk samples. Thus the ls-3d+, line is observed as a prominent spectral feature in comparison with the ls-3p+, transition for both confined and unconfined donors. Previous observations of a peak identified as the ls-3p+ transition [3, 4] may thus be erroneous.
Variational calculations of these higher-lying states are now in progress. However, the present results for line D (ls-3p+ can be satisfactorily compared with theory [ 6 ] for a similar MQW. Full details of theoretical fits to the present data will be given elsewhere.
